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ABSTRACT

In situ x-ray radiography was used to characterize inter-
granular and exfoliation corrosion in high-strength Al alloys.
The samples were either exposed to sodium chloride (NaCl)
solution at a controlled potential or to high humidity after an
electrochemical pretreatment in NaCl solution. Intergranular
corrosion (IGC) growth rates in solution for samples encased
in epoxy and exposed to solution were distributed over a
range with an upper limit equal to the rates determined by
the foil penetration technique. Unencased AA2024-T3 (UNS
A92024) samples that were held at a controlled potential in
solution exhibited IGC and then exfoliation corrosion.
AA2024 and AA7178 (UNS A97178) samples encased in ep-
oxy developed sharp intergranular fissures during exposure to
96% RH following an electrochemical pretreatment. Unencased
samples given the same treatment exhibited exfoliation in the
high-humidity environment.
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INTRODUCTION

Intergranular corrosion (IGC) and exfoliation corrosion
are often found in the high-strength Al alloys (e.g.,
AA2024 [UNS A92024](1) and AA7178 [UNS A97178])

used in wingskins and fuselages of airplanes. IGC and
exfoliation corrosion are significant sources of life lim-
iting degradation in airframes. A great deal of effort
has been devoted over the years to the study of inter-
granular and exfoliation corrosion of aluminum al-
loys. The foil penetration technique recently has been
used to quantify IGC growth rate.1 When performed
on foils with a range of thickness, foil penetration ex-
periments determine the growth kinetics of the fastest
growing localized corrosion sites.2-3 However, there are
many other sites in such samples that did not pen-
etrate, and those sites had a different set of growth
kinetics. It is possible that many sites simply grew
slower than the fastest sites. Others might have re-
passivated and stopped growing before they pen-
etrated the foil. Still other sites might have started
growing after the initiation of the experiment. The
latter two types of sites could have had faster growth
kinetics than what is determined by the foil penetra-
tion technique. It is clearly of interest to obtain infor-
mation regarding the full population of corrosion
sites, not just the sites that penetrate the foil first.

Exfoliation is a form of intergranular corrosion
that can occur on the surface of wrought aluminum
alloys with elongated grain structure.4 However, few
reports of quantitative measurements of the kinetics
of exfoliation corrosion in Al alloys exist, and little is
known about how exfoliation corrosion develops un-
der a wide range of environmental conditions.5-8

Predictive models of the effects of corrosion on
the structural integrity of aircraft require information
on and prediction of the growth kinetics of the vari-
ous forms of localized corrosion. X-ray radiography
technology is one approach for providing this infor-
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mation. The essence of radiography is modulation of
the x-ray intensity due to discontinuities or thick-
ness change caused by corrosion.9 Owing to the
relatively low density of water, x-ray images can be
obtained on metal samples in situ, i.e., immersed in
solution. Radiography can of course be performed in
air as well; so, unlike electrochemical techniques, it
can be used on samples exposed to atmospheric con-
ditions, which are more related to the service envi-
ronment of aircraft components.

In this work, in situ x-ray radiography was used
to address localized corrosion kinetics and morphol-
ogy of AA2024-T3 and AA7178 in different orienta-
tions relative to the rolling direction. By orienting the
sample properly, based on the understanding gener-
ated in prior work, it was possible to image defects
growing into a sample.

EXPERIMENTAL PROCEDURES

The microfocal radiographic imaging technique
was used in this study. The x-ray source was a

225-kV, 3-mA x-ray unit with 3 µm to 5 µm focal
size. The exposure parameters were carefully selected
to ensure that the focal spot size remained in the
micro-focus region of the tube to get the optimum
resolution for each exposure. The position of the
sample was controlled by a high-precision position-
ing system, with three linear (with 2-µm resolution)
and one rotation (with 0.01° resolution) computer-
controlled axes. One additional high-resolution linear
axis was used for translation of the receiver in the
image plane. A separate X-Y manipulator was used
for positioning of the x-ray source. The microradio-
graphic magnification for this system can be con-
trolled by changing the sample position between the
x-ray source and the image plane (the maximum
magnification is 300X).

The microradiographic apparatus with corrosion
cell is shown in Figure 1. Samples were held with a
specially-designed chuck that allowed for precise
positioning between the x-ray source and x-ray film
holder and accurate repositioning so that intermit-
tent x-ray radiography could be performed on a

FIGURE 1. (a) Microradiographic imaging system with corrosion cell. (b) Magnified front of x-ray tube and corrosion cell.
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sample over an extended period of time. An image
intensifier integrated with a charge-coupled device
(CCD) camera with a standard frame rate of
30 frames/s was used for the radiographic sample
observation in real-time and for alignment of the
corrosion cell prior to film microradiography. High-
resolution x-ray film was used for higher resolution
images; the film was placed in front of the image in-
tensifier for support. The exposed and processed
films were digitized by illuminating them in front of a
CCD camera. A monochromatic frame grabber board
with 2 MB of on-board memory was used for digitiza-
tion of x-ray films.9-10 The sharp images obtained
during the microradiography enabled further magni-
fication by the film digitization camera. This optical
magnification improved the pixel resolution of the
digitized images.

 The samples had special configurations relative
to the wrought microstructure. Pillars of dimension
30 mm in the longitudinal (L) or rolling direction,
2 mm in the short transverse (S) or through-thick-
ness direction, and 0.8 mm in the long transverse (T)
direction were cut from a 19-mm-thick plate of
AA2024-T3 (Figure 2). This orientation allowed for
IGC or exfoliation corrosion growth in the L direction.

FIGURE 2. Schematic of procedure to make encased sample and in situ radiographic measurement. (1) Cut slice from
plate (note nomenclature of orientations); (2) rotate sample; (3) encase sample in epoxy leaving only L face exposed;
(4) seal sample in bottom of cell, control potential, and irradiate with x-rays; (5) monitor the number and depth of IGC sites.
For study of exfoliation corrosion, the sample is unencased (Step 3 is skipped), and the image shows exfoliation rather
than IGC.

Some samples were oriented such that their longest
dimension was along the T direction and the short
dimension was along the L direction, allowing the
study of IGC or exfoliation corrosion growth in the
T direction. Some samples were machined to have a
square 2 mm by 2 mm cross section rather than a
rectangular section. The samples were positioned
with their long dimension vertical and sealed through
the bottom of a plastic cell with epoxy.

Some AA2024-T3 samples were encased first in
epoxy, except for the top face, which was polished
clean. IGC was then generated by polarization in 1 M
sodium chloride (NaCl) at a potential of –580 mV vs
saturated calomel electrode (SCE) with the sample
oriented vertically. The attack was constrained to
IGC in the encased samples. Other AA2024-T3
samples were freely exposed to the solution with no
epoxy encasement. Freely-exposed samples did not
have the physical constraint of the epoxy, and the
attack was in the form of exfoliation rather than IGC.
These samples had square cross sections with their
long axis orientated either in the L or T direction.

IGC and exfoliation corrosion attack (of epoxy-
encased and freely-exposed samples, respectively)
were studied by in situ x-ray radiography on other
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samples during exposure to a high-humidity environ-
ment after an initiation pretreatment in chloride
solution. These samples were cut from 8.9-mm-thick
AA7178 plate removed from the wingskin of a retired
KC135 airplane. Samples were machined using a
band saw or electric discharge machining (EDM) into
long pillars with their long axis orientated in either
the L or T direction. Some samples had square cross
sections of 2 mm by 2 mm and were exposed freely in
the solution to promote exfoliation corrosion. Other
samples had cross sections of 0.8 mm by 2 mm and
were encased in epoxy leaving only the L face (per-
pendicular to the L direction) polished and exposed,
which promoted IGC rather than exfoliation corro-
sion. The sample surface was first ground in alcohol
to 800 grit. The cell was the same as was used for
the AA2024-T3 samples. A 7-h potentiostatic pre-
treatment in 1 M NaCl was performed to initiate IGC.
The applied potential was –725 mVSCE or –710 mVSCE

for epoxy-encased or freely-exposed AA7178 samples,
respectively. From foil penetration experiments, it is
expected that this electrochemical treatment will
generate attack ~0.46 mm deep into the AA7178
samples.11 Following the pretreatment, the samples
were rinsed with deionized (DI) water and placed in a
sealed desiccator containing saturated sodium sul-
fate (Na2SO4) solution at room temperature. This
saturated solution created an environment with con-
stant RH of 96%, as measured by an RH meter. In-
termittent x-ray radiography was performed on these
samples to obtain information on how IGC and exfo-
liation corrosion propagated in high humidity.

RESULTS AND DISCUSSION

Before describing the results of the in situ micro-
radiography, an example of metallographic sectioning
results will be given. Figure 3 shows an example of a
metallographic section for a 3-mm-thick cylindrical
AA2024-T3 sample with axial orientation in the S
direction after a 4-h exposure at –580 mVSCE in 1 M
NaCl. The top and bottom surfaces of the cylindrical
sample, the S faces, were coated with epoxy so that
the attack was constrained along the L-T plane of the
sample (i.e., along the elongated grain boundaries).
A series of samples were exposed for different times
and sectioned. The kinetics determined from the
longest site in each section were slower than those
found for L- or T-oriented samples determined by the
foil penetration technique, which measures the fast-
est growing site.1 This proves that metallographic
sectioning does not determine the kinetics of the
fastest growing sites.

Figure 4 shows an in situ x-ray microradiograph
of a 1-mm-thick AA2024-T3 sample oriented such
that the L direction was vertical. The sample was en-
cased in epoxy with one face, the L face, exposed to
the solution. This sample was exposed for 19 h to the

same conditions as the last sample. The dark lines in
the image are corroded grain boundaries. Radio-
graphic images of this sample were recorded at vary-
ing exposure times, and the depths of specific IG
sites are shown as a function of time in Figure 5. The
rates comprise a band that falls just beneath the
line, representing an extrapolation of the data from

FIGURE 3. Metallographic cross section of S-oriented 3-mm-wide
AA2024-T3 cylinder exposed to 1.0 M NaCl at –580 mVSCE for 4 h.

FIGURE 4. In situ x-ray radiograph of L-oriented AA2024-T3 sample
exposed to 1.0 M NaCl at –580 mVSCE for 19 h. The dark round
features are hydrogen bubbles.
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foil penetration experiments.1 These results show
that in situ x-ray radiography provides information
on a wide range of growth kinetics, including those
for the fastest growing sites.

It should be noted that the circular features in
Figure 4 are hydrogen bubbles. Localized corrosion of
Al alloys always results in the formation of hydrogen.
Aggressive dissolution of the Al alloys for a long pe-
riod resulted in the formation of a foam in the solu-
tion. The low density of the hydrogen bubbles causes
them to appear dark, and the bright line along their
perimeter is from phase contrast, which highlights
the boundary between the bubble and solution.12-15

Figure 6 shows radiographs of a similarly ori-
ented sample, with no epoxy encasement, exposed

under the same conditions. This sample had a
square 2 by 2 mm cross section. Figure 6(a) shows a
radiograph prior to the electrochemical treatment.
After 4 h, IGC attack is apparent in the radiographs
shown in Figures 6(b) and (c). Since the sample was
freestanding with no epoxy encasement, attack pro-
ceeded from both the L face on the top and the free
T faces on the sides. The period of exposure was too
short to generate exfoliation corrosion, so the attack
was IGC in nature. However, the IGC propagated in-
ward from three of the five exposed surfaces of the
pillar sample: the top L surface and the two side T
surfaces. The orthogonal views in Figures 6(b) and (c)
show the morphology of attack. In Figure 6(b), the
sample is oriented so that the x-rays are parallel to
the long transverse direction. IGC can be seen as
sharp dark lines. The lines are darker at the top of
the sample because the IGC penetrated from the top
along the whole thickness. The x-rays integrate the
attack throughout the whole thickness of the
samples. The fact that the IGC propagated from three
faces is clear in Figure 6(c), which is taken at 90° to
Figure 6(b), i.e., with the x-rays parallel to the
through-thickness or S orientation of the micro-
structure. The attack is seen to propagate inward
from the top L surface and the two side T surfaces.
The front of the attack coming from all faces of the
sample was evident, and is highlighted in Figure 6(c)
by dotted lines. With time, the attack on this frees-
tanding sample developed into exfoliation corrosion.
Images of exfoliation corrosion generated after
long exposure times on freestanding samples will
be given below.

Figure 7(a) shows an in situ x-ray radiograph of
a 2-mm-thick AA7178 sample with the long axis ori-
ented in the T direction. The sample was encased in
epoxy with one face, the T face, exposed to the solu-
tion. This radiograph was taken after 7 h exposure at

FIGURE 5. Plot of the depth of IGC for L-oriented AA2024-T3 sample
as a function of time. The different symbols are for different specific
IGC sites in the sample. Also shown is the curve for the L-oriented
foil penetration samples.1

FIGURE 6. Radiographs of a 2-by-2-mm sample of AA2024-T3 exposed to 1.0 M NaCl at –580 mVSCE. Sample was not
encased in epoxy. Vertical orientation of sample is the L direction. (a) Before exposure; (b) after 4 h exposure, x-rays
penetrating in the T direction; and (c) after 4 h exposure, x-rays penetrating in the S direction.
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–725 mVSCE in 1 M NaCl. The growth kinetics of
selected corrosion sites along the T direction were
measured from in situ radiographs during the pre-
treatment, and it was found that the general law,
d = Atn, was obeyed for the immersed condition. The
value of n was ~0.33 and A was 0.23 to 0.34 for
values of t in hr and d in mm. This is consistent with
results from the foil penetration method.11 After 7 h
in 1 M NaCl at –725 mVSCE, the sample was rinsed
with DI water and placed in 96% RH. Sharp IGC was
evident in radiographs after several days of exposure,
and it continued to grow at a high rate. Figure 7(b)
shows a radiograph of the same sample after 24 days
in the high-humidity environment. Tight fissures
grew several mm into the sample. Such sharp fis-
sures also can be found in the metallographic cross
section for AA2024-T3 samples exposed in the same
RH condition. However, it is unclear how these fis-
sures develop and continue to grow at a high rate in
the high-humidity environment.

Figure 8 shows x-ray radiographs for a free-
standing AA7178 sample. This sample was given the
same electrochemical treatment of 7 h in 1 M NaCl at
–710 mVSCE. The radiographs of the sample taken im-
mediately after this treatment, Figure 8(a), shows
IGC, as was found for the freestanding AA2024-T3
sample after short exposure times at a controlled po-
tential. This sample was then exposed to the 96% RH
environment for prolonged periods, and exfoliation
corrosion rapidly developed, as is evident in Figures

8(b) and (c). These radiographs clearly visualize the
exfoliation corrosion and record the progress of the
corrosion.

CONCLUSIONS

❖ In situ x-ray radiography was used to characterize
the intergranular and exfoliation corrosion in high-
strength Al alloys exposed to NaCl solution at a con-
trolled potential and to high humidity after an
electrochemical pretreatment.
❖ Growth kinetics for IGC sites determined from ra-
diographs of samples encased in epoxy and exposed
to solution were slower than growth kinetics deter-
mined by the foil penetration technique.
❖ The unencased AA2024-T3 samples that were ex-
posed to solution exhibited IGC and then exfoliation
corrosion.
❖ AA2024 and AA7178 samples that were first elec-
trochemically pretreated in chloride solution and
then exposed to 96% RH developed sharp intergranu-
lar fissures for samples encased in epoxy and exfolia-
tion for unencased samples.
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FIGURE 7. Radiographs of AA7178 sample encased in epoxy: (a) immediately after electrochemical pretreatment and
(b) after 24 days in 96% RH.
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